Abstract Mutations in the alpha catalytic subunit of phosphoinositol-3-kinase (PIK3CA) occur in *30% of ER positive breast cancers. We therefore sought to determine the impact of PIK3CA mutation on response to neoadjuvant endocrine therapy. Exons 9 (helical domain) and 20 (kinase domain-KD) mutations in PIK3CA were determined samples from four neoadjuvant endocrine therapy trials. Interactions with clinical, pathological, and biomarker response parameters were examined. A weak negative interaction between PIK3CA mutation status and clinical response to neoadjuvant endocrine treatment was detected (N = 235 P B 0.05), but not with treatment-induced changes in Ki67-based proliferation index (N = 418). Despite these findings, PIK3CA KD mutation was a favorable prognostic factor for relapse-free survival (RFS log-rank P = 0.02) in the P024 trial (N = 153). The favorable prognostic effect was maintained in a multivariable analysis (N = 125) that included the preoperative endocrine prognostic index, an approach to predicting RFS based on postneoadjuvant endocrine therapy pathological stage, ER, and Ki67 levels (HR for no PIK3CA KD mutation, 14, CI 1.9-105 P = 0.01). PIK3CA mutation status did not strongly interact with neoadjuvant endocrine therapy responsiveness in estrogen receptor-positive breast cancer. Nonetheless, as with other recent studies, a favorable interaction between PIK3CA KD mutation and prognosis was detected. The mechanism for the favorable prognostic impact of PIK3CA mutation status therefore remains unexplained.
Introduction
Gain-of-function mutations in the catalytic subunit of phosphoinositide-3-kinase occur in approximately 30% of estrogen receptor-positive (ER?) breast cancers. Mutations occur predominately in two ''hot spots'' in exons 9 and 20, encoding the helical domain (HD) and kinase domain (KD), respectively [1] . The association of phosphoinositol-3-kinase (PIK3CA) mutation and ER expression was first reported by Saal et al. [2] and is a consistent finding [3, 4] . Studies on the effect of PIK3CA mutations on prognosis have been mixed; however, recent data suggests that in postmenopausal women with ER? disease, there may be a favorable effect [5, 6] . Based on these findings, we postulated that PIK3CA mutation may be a positive predictive biomarker for endocrine therapy responsiveness. Consist with this hypothesis, the most commonly studied breast cancer cell lines that exhibit estrogen dependence in vitro, MCF7 (HD mutant), and T47D (KD mutant), both harbor PIK3CA mutations [7] . Of relevance, in both these cell lines, inhibition of PI3 kinase with RNAi, or with a small molecule inhibitor, in combination with ER inhibition, induces apoptosis in a synthetic lethal manner, raising the possibility that combined inhibition of PI3 kinase and ER could emerge as a new cytotoxic combination for PI3 kinase mutant estrogen-dependent breast cancer [8] . To further understand the interaction between PIK3CA and breast cancer outcomes in ER? disease, we examined the impact of PIK3CA mutation status on clinical and biomarker outcomes in four neoadjuvant endocrine therapy clinical trials: P024, a randomized trial that compared tamoxifen and letrozole [9] , the letrozole alone arm of the RAD2222 study [10] , a Phase 2 trial of preoperative letrozole (POL) [11] , and the Z1031 trial, a randomized comparison of three aromatase inhibitors, which, while still incomplete, provided additional samples for exploring interactions with the proliferation biomarker Ki67.
Methods

Study population and tumor bank
The clinical findings, tumor bank characteristics, and biomarker measurements of the P024 trial have been described previously [9, 12, 13] . The RAD2222 trial was a randomized study of letrozole versus letrozole in combination with everolimus [10] . The samples utilized for this study were from the letrozole monotherapy arm. The POL trial was a Phase 2 study of POL for 4 to 6 months [11] . The REMARK diagrams for sample acquisition are shown in Fig. 1a -c. To create an adequately sized third data set to examine the interaction between treatment-induced Ki67 changes and PIK3CA status, the POL study was supplemented with 69 samples from an ongoing Z1031 neoadjuvant endocrine therapy study that is comparing letrozole, anastrozole, and exemestane. Since Z1031 has not been completed, a REMARK diagram is not provided. Local ethics committees approved all trials and informed consent was obtained from all study participants.
Mutation screening
For the RAD2222 study, 8 lM tumor biopsy sections were macro-dissected and the Picopure kit (Arcturus/MDS, Sunnyvale, CA, USA) was used for DNA recovery. Mutations were analyzed by direct sequencing and by the Surveyor-Wave system (Transgenomic, Omaha, NE). PCR was performed using the Advantage HF2 PCR kit (Clontech, Mountain View, CA). Primer sequences are TGCT TTTTCTGTAAATCATCTGTG (forward) and TATGGT AAAAACATGCTGAGATCA (reverse) for PIK3CA exon 9 and AGCTATTCGACAGCATGCCAATC (forward) and ATCGGTCTTTGCCTGCTGAGAG (reverse) for PIK3CA exon 20. For direct sequencing, PCR products were purified on a Biomek FX liquid handling robotic workstation using AMPure magnetic beads (Agencourt, Beverly, MA) and sequenced with an ABI BigDye Terminator v3.1 Cycle Sequencing kit on an ABI 3730xl DNA Analyzer. Sequence variation was analyzed using Polyphread software. For the Surveyor-Wave analysis, PCR products were digested directly using the Surveyor Nuclease kit (Transgenomic, Omaha, NE) according to the manufacturer's instructions. Digested PCR products were analyzed with the Transgenomic Wave 3500HT system under non-denaturing conditions. Samples showing distinct elution profiles when compared with normal control sample were identified as mutants and confirmed by direct sequencing.
For the P024 trial, laser capture microdissection (Arcturus/ MDS) was employed to isolate tumor cells from 10 lm formalin fixed sections. For the Z1031 and POL studies, DNA was extracted from frozen biopsies that contained in excess of 70% cancer. DNA was isolated and purified using the DNeasy Tissue Kit (Qiagen, Valencia, CA, USA) with over-night proteinase K digestion at 60°C. For RNA isolation, macrodissection was conducted to obtain material with tumor cellularity higher than 50% based on H&E staining of an adjacent section. RNA was isolated with either Optimum FFPE RNA isolation kits (Applied Biosystems/Ambion, Foster City, CA, USA) or RecoverALL Total Nucleic Acid Isolation kits (Ambion). PCR products were generated with primers designed to span mutation hotspots in the HD (exon 9) and the KD (exon 20). Initially, genomic DNA was screened by PCR using Taq LA DNA polymerase (SigmaAldrich, St. Louis, MO, USA). If no product was detected, RT-PCR of RNA was conducted using the iScript cDNA synthesis Kit (Bio-Rad, Hercules, CA, USA) followed by HotStart-IT Taq DNA polymerase (USB, Cleveland, OH, USA). 7.5-10 ng DNA or cDNA was used as the template for the PCR reactions in 15 or 25 ll, respectively. A ' ' Step down'' in the iCycler (Bio-Rad) thermal cycler was used for optimum annealing. The primers used for genomic PCR are TGAAAATGTATTTGCTTTTTCTGT (forward) and TCA TGTAAATTCTGCTTTATTTATTCC (reverse) for amplification of exon 9; and CTATTCGACAGCATGCCAATC (forward) and AATTGTGTGGAAGATCCAATCC (reverse) for amplification of exon 20. The primers used for RT-PCR were GCAGGACTGAGTAACAGACTAGCTAGAGA (forward) and GTTACACAATAGTGTCTGTGACTCCA TAGA (reverse) for exon 9; and CGAAAGACCCTA GCCTTAG (forward) and CAGTTCAATGCATGCTGT (reverse) for exon 20. All of the forward and reverse primers were tailed with M13 universal primers TGTAAAACG ACGGCCAGT (forward) and CAGGAAACAGCTATG ACC (reverse) for facilitating downstream sequencing. All products were gel-purified (QIAquick gel extraction kit, Qiagen) before sequencing using the BigDye Terminator v3.1 sequencing kit (Applied Biosystems). Sequences were obtained using an ABI 3731 capillary sequencing machine. For mutational analysis, Mutation Surveyor, v 3.01software (Softgenetics, State College, PA) was employed along with manual reviewing of chromatogram trace files with Finch TV v. 1.4 (Geospiza, Seattle, WA, USA).
Phospho AKT, Ki67, ER, and PgR immunohistochemistry 4 lM sections were cut fresh from paraffin-embedded core needle biopsies and stained for phospho-Akt S473 with the rabbit mAb clone 736E11 in a subset of samples from the RAD2222 trial (Cell Signaling Technologies, Danvers, MA) on a Ventana XT immunostainer using CC1 buffer, mild, no heat, for antigen retrieval and Omni-UltraMap HRP for visualization. Staining was recorded as a histoscore, calculated as the percentage of positive cells times an intensity [14] , and both lysates and cell pellets were prepared from the treated cells. The latter were mounted as a tissue microarray (TMA) and subject to IHC using the protocol described above. Histoscores were generated by one blinded observer. These were compared to Western blots of the lysates, using the same antibody, assessed by densitometry. The correlation between IHC and Western blot quantification was acceptable (Fig. 2a) . Pretreatment of the TMA slide with lambda phosphatase abolished all staining, indicating specificity for phosphoproteins. The Ki67, ER, and PgR methodology and results for the P024 samples have already been published [9, 12] . In the RAD2222 trial, standard reagents from Ventana were used according to the manufacturer's recommendations (ER: clone SP1; PR: clone 1E2; Ki67: clone 30-9). In the Z1031 and POL trials, the Ki67 assay was done using the SP6 antibody (Neomarkers Division of Thermo Fisher Scientific Inc., Fremont, CA) on a Shandon SequenzaÒ Immunostainer. Envision HRP secondary antibodies and hematoxylin counter staining were used for visualization. For Ki67 scoring, photomicrographs were taken under 409 magnification and projected on a background grid. Ki67 staining was quantified independently by two observers using point counting and the average percent of Ki67 positive cells was determined. Methodology used to assign HER2 status in the P024 and the RAD2222 trials has been described previously [9, 10] .
Statistical methodology
All P-values reported were two sided; P B 0.05 were considered to be statistically significant. The Bonferroni correction for multiple testing was used when multiple comparisons were made. Fisher's exact and Chi-squared tests were used to assess associations between PIK3CA mutation status and clinical trial and biomarker data. The effect of PIK3CA wild-type (wt) and HD and/or KD mutants and biomarker changes were evaluated by Mann-Whitney test or Kruskal-Wallis test. The Mann-Whitney test was also applied to compare differences in Ki67 changes between PIK3CA wt and HD and/or KD mutation status. The 95% confidence interval of the geometric Ki67 mean was calculated to show the size of effects in pair-wise comparisons. Relapse-free survival (RFS) was defined as the interval between the randomization and the earliest subsequent breast cancer event. For univariate analysis, survival curves were estimated by the Kaplan-Meier method, a P-value from a two-sided log-rank test was calculated. A multivariable Cox proportional hazard regression model was applied to evaluate the independent prognostic relevance of PIK3CA KD mutation status within the context of the prognostic variables in the preoperative endocrine prognostic index (PEPI) score obtained upon pathological analysis of the surgical specimen: i.e., tumor size, lymph node status, ER, and Ki67 levels [15] . All statistical analyses were performed using SAS 9.1.3 (SAS Institute Inc., Cary, NC, USA).
Results
PIK3CA mutation and baseline pathological characteristics, HER2 gene amplification/overexpression, phospho-AKT levels, and treatmentinduced changes in hormone receptor expression [2, 4] . The KD mutation H1047R was the most prevalent anomaly observed in all study cohorts, followed by the HD mutation, E545K. Rarer alleles were also present. Thus, although different techniques and primer sets were used to assign PIK3CA mutation status in each data set, the similar distribution of mutations indicates the analytical approaches were comparable. In the individual trials (data not shown) and combined data set created from the P024 and RAD2222 trials, relationships between baseline HER2 status and histological grade and pathological stage after neoadjuvant therapy (pathological tumor size, node status) and PIK3CA mutation status were explored. However, no significant interactions emerged (Table 2a ). The data sets could not be easily merged for an analysis of hormone receptor status, because different scoring approaches were used. However, PIK3CA mutation status had no impact on baseline or treatment-induced changes in ER and PgR expression on the letrozole arms in either study (Table 2b, RAD2222 study and  Table 2c , P024 study). Expression of the estrogen-regulated gene TFF1 was also examined in the letrozole arm of the P024 trial. TFF1 baseline levels and estrogen deprivation-induced changes were also not affected by the presence of a PIK3CA mutation, although a trend was observed for KD domainexpressing tumors to have higher baseline TFF1 expression that was also seen for ER in the P024 study (the P-value was corrected for multiple comparisons). The tamoxifen arm in the P024 trial was not included in the pre-and post-treatment pairwise analysis since tamoxifen had very inconsistent effects on the expression of estrogen-regulated genes that was likely due to the mixed agonist/antagonist properties of this agent [12] . PhosphoAKT levels were examined in a subset of RAD2222 samples (N = 42) to determine if PIK3CA mutation was associated with increased phosphorylation of AKT, a key down-stream mediator of signal transduction (Fig. 2b) . A Kruskal-Wallis test indicated a significant difference in cytoplasmic pAKT among the three PI3KCA groups (wt, PIK3CA HD domain mutant, and PIK3CA KD domain mutant) (P = 0.045) and the Mann-Whitney test was also significant when pAKT levels in the PIK3CA wt group were compared to a combined group of all samples harboring either class of PIK3CA mutation (P = 0.01).
Analysis of interactions among PIK3CA mutation status, clinical response, and Ki67 changes associated with neoadjuvant endocrine treatment A series of contingency tables were examined to identify interactions between clinical response and PIK3CA mutation status (Table 3 ). The possibility that PIK3CA HD mutations may be associated with a poorer clinical response to letrozole was raised in the P024 data set, due to only one of six PIK3CA HD mutation positive tumors exhibiting a clinical response (17%) compared to 35 out of 46 (76%) of the PIK3CA wt tumors P = 0.01 (Table 3) . We therefore combined data from the P024, RAD2222, and POL trials (N = 235) and detected a weak adverse effect on response with a response rate for both HD (56% response rate) and KD (57% response rate) in comparison with PIK3CA wt cases (70% response rate P B 0.05). To further explore the impact of PIK3CA mutation and the efficacy of endocrine therapy, endocrine treatment-induced changes in the proliferation marker Ki67 were studied within groups defined by the presence of PIK3CA KD and HD mutations (Table 4 ). All PIK3CA mutation-defined subgroups showed evidence for a significant decline in the Ki67 levels within each group (i.e., no evidence of resistance in a subgroup). Multiple exploratory cross-group comparisons (mutant versus wt) confirmed equivalent falls in Ki67 expression levels in all groups defined by PIK3CA mutation status, even when the POL data set was expanded to include an additional 69 cases from the Z1031 trial (Table 4) .
Analysis of the effect of PIK3CA mutation status and RFS and interactions with the PEPI Univariable analysis for the P024 cohort (N = 153) indicated a modest association between PIK3CA KD domain mutation and more favorable RFS (PIK3CA KD mutant versus all others log rank 0.025, Fig. 3a) . In contrast, we did not detect any interaction between PIK3CA HD mutation positive cases and RFS (data not shown). However, PIK3CA HD domain mutations are less common, consequently this small data set does not rule out an interaction. Long-term outcomes associated with the P024 neoadjuvant endocrine therapy trial have been analyzed to develop a PEPI, which provides a prognostic score based on a pathological staging and biomarker analysis of the tumor at surgery postneoadjuvant endocrine therapy [15] . Cox proportional hazards were therefore used to weight the prognostic effects of PIK3CA KD domain mutation against the other four components of the PEPI (pathological tumor stage, pathological nodal stage, ER status, and the level of Ki67 expression, N = 125). The PEPI model defines three broad risk groups. Group 1 tumors with a PEPI score of 0 (good prognosis), group 2 tumors with a PEPI of 1-3 (intermediate prognosis), and group 3 tumors with a PEPI of 4 or more (worst prognosis). PIK3CA KD mutation status did not have a significant effect on RFS in groups 1 and 2 (Fig. 3b, c) . However, in group 3, where most of the relapses occurred, the presence of a PIK3CA KD mutation was associated with more favorable RFS (log rank P = 0.007, Fig. 3d ). When PIK3CA KD mutation status was added to the standard factors in the PEPI Cox proportional hazards model (Fig. 3e) , the absence of PIK3CA KD mutation was found to be a significant and independent adverse prognostic factor (HR 14 CI 1.9-105).
Discussion
Neoadjuvant endocrine therapy trials are an efficient setting for biomarker studies because of the simultaneous capacity to examine the predictive qualities of a biomarker for endocrine therapy responsiveness and, when the data set matures, the prognostic impact in the setting of a cohort of patients uniformly treated with adjuvant endocrine treatment. However, a general limitation of neoadjuvant endocrine therapy data sets is the typically modest sample size. Thus, when looking at a relatively uncommon parameter, such as subclasses of PI3KCA mutation, it becomes necessary to combine data from several trials to study the biomarker question adequately. Contrary to our hypothesis, we found no evidence that PIK3CA mutation status strongly interacts with endocrine therapy responsiveness in the neoadjuvant setting, using an analysis approach that examined the impact of the two major classes of mutation, PIK3CA KD and PIK3CA HD, on clinical and biomarker outcomes in four independent studies. The weak negative interaction with clinical response (Table 3) is not of sufficient magnitude to be clinically meaningful and is contrary to the favorable effect on prognosis. Since the interaction is modest, these data must be confirmed in another data set, preferably a single study with uniform response criteria and a large sample size. The lack of a significant interaction between PIK3CA mutation status and treatment-induced changes in Ki67 is quite a robust negative finding since this interaction was explored in over 400 samples. In contrast to this negative finding, a similar analysis that examined the impact of HER2 gene amplification on the Ki67-based proliferation index revealed strong evidence that HER2 drives endocrine therapy-resistant proliferation [13] . With the HER2 result as a ''positive control,'' we can therefore be fairly certain that PI3KCA mutations do not strongly perturb the short-term (3 or [8, 16] , since the endocrine responsiveness of the PIK3CA mutant subgroup is an important consideration.
An overview of the influence of PI3 kinase mutations on prognosis presents a mixed picture but a view point is emerging that in postmenopausal women with ER? disease, PIK3CA mutation may have a favorable prognostic effect [17] . Our findings in the context of the P024 trial, the only study of the four with sufficient long-term outcome to address the prognosis question, support this hypothesis, at least for In comparison of Ki67 changes between groups the Mann-Whitney test was applied PIK3CA KD mutations [5] . However, we remain circumspect about our findings regarding the interaction with the PEPI score given the small sample size. The potential of PI3KCA mutation status to influence prognosis independently of endocrine response parameters is mechanistically interesting and will be studied further in the Z1031 trial, which will eventually produce a well-powered confirmatory data set to examine the role of PIK3CA mutations further. Fig. 3 a-e Interactions between PIK3CA mutations status and RFS in the P024 trial in subgroups defined by the PEPI score [15] . a PIK3CA KD mutation positive cases versus other cases P = 0.025 (log-rank test). b-d Effect of PIK3CA status examined within the context of PEPI group 1 (b), group 2 (c), and group 3 (d). In PEPI group 3, the favorable effect of PIK3CA mutation status was significant P = 0.007. e Cox proportional hazards model that contains the four components of the PEPI model with the addition of PIK3CA KD mutation status
